Abstract Recently, great progress has been achieved in the treatment of chronic lymphocytic leukemia (CLL). However, some patients, particularly older patients with comorbidities or with relapsed/refractory leukemia, still have limited therapeutic options. There is an urgent need to discover less toxic and more effective drugs for CLL patients. Applying new modalities or substances that are widely used for the treatment of other diseases has been reported to improve results in CLL treatment. This study aimed to assess the non-chemotherapeutic drug danazol for its potential to destroy leukemic cells. Leukemic cells, obtained from the peripheral blood and bone marrow of 23 CLL patients, were cultured in the presence of danazol and its combination with the purine nucleoside analogs fludarabine and cladribine and bendamustine. After 24 h of incubation, the rate of apoptosis indicated by active caspase-3 expression, and cytotoxicity indicated by forward light scatter and light scatter analysis, was assessed by flow cytometry. We also measured expression of apoptosis-regulating proteins of BCL family and active caspase 9 and active caspase 8 expressions in leukemic cells. Danazol had a caspase-dependent pro-apoptotic and cytotoxic effect on leukemic cells in a tumor-specific manner. The mechanisms of its action appear to be complex and should be precisely established; however, induction of apoptosis involving both mitochondrial and receptor cascades appears to be most probable. Danazol showed a synergic effect with cladribine, an additive effect with fludarabine, and an infraadditive effect with bendamustine. The rate of danazolinduced apoptosis and cytotoxicity did not differ between patients with better and worse prognostic markers. Our results indicate that danazol may be a potential therapeutic agent for CLL patients alone and in combination with purine analogs.
Introduction
The pathogenesis of chronic lymphocytic leukemia (CLL) has not been yet adequately established. Nevertheless, abnormal apoptosis of lymphocytes has been recognized to play an important role in the pathogenesis of CLL. Leukemic transformation is initiated by genomic alterations, causing deletion of specific micro-RNA genes and increasing the resistance of B cells towards apoptosis [1, 2] . The role of B cell receptor (BCR) signaling in the pathogenesis of CLL was recently recognized, based on structural restrictions of the BCR and BCR-dependent survival and growth of malignant B cells [3] . The biology of CLL is also directly connected with its microenvironment in which accessory cells can promote cell growth and survival in leukemia. These disorders lead to accumulation of the clonal B cells CD5+/CD19+/CD23+ in the peripheral blood, bone marrow, and lymphoid organs [4] .
CLL can be effectively treated with purine analogs, alkylating agents, bendamustine, glucocorticoids, or monoclonal antibodies. During recent years, great progress in targeted therapy of CLL has been made. Novel classes of drugs, such as oral tyrosine kinase inhibitors (ibrutinib, Monika Podhorecka and Arkadiusz Macheta contributed equally to this work. idelalisib) and BCL-2 protein antagonists, which induce apoptosis in leukemic cells, have received approval for the treatment of CLL patients [5, 6] . Despite new therapeutic options, CLL is still an incurable disease. Some patients, especially older patients with comorbidities or relapsed/refractory leukemia, have limited therapeutic options. Therefore, there is an urgent need to discover less toxic and more effective drugs for CLL patients [6, 7] . Applying new modalities or nonchemotherapeutic substances that are widely used in the treatment of other diseases has been reported to improve results in CLL treatment, as shown in our previous studies [8, 9] .
Danazol is an attenuated synthetic hormone with weak androgenic effects. Danazol has unique properties similar to corticosteroids and a structure related to testosterone and ethisterone. This drug is widely used in the treatment of endometriosis and mammary gland dysplasia. In hematology, danazol is used with success in immune thrombocytopenic purpura and autoimmune hemolytic anemia [10] [11] [12] [13] [14] [15] . The use of danazol therapy in neoplastic hematological proliferations, such as myeloproliferative neoplasms and myelodysplastic syndromes, has also been reported [16] [17] [18] .
This study aimed to assess the role of danazol as an inducer of apoptosis and cytotoxicity in CLL. Danazol as a single agent and in combination with drugs that are used in CLL therapy (the two purine nucleoside analogs fludarabine and cladribine, and bendamustine) was added to in vitro cultures of leukemic cells. The rate of apoptosis and cytotoxicity induced by these drugs was assessed with the flow cytometry method. The obtained results were then analyzed regarding prognostic factors of CLL.
Material and methods

Research material
Twenty-three CLL patients who were diagnosed in the Department of Haematooncology and Bone Marrow Transplantation, Medical University of Lublin, previously not treated, constituted the study group. The diagnosis of CLL was based on clinical examinations and morphological and immunological standards. Agreement for the research was received from the local bioethics committee, and the patients were asked to sign informed consents. Samples of the peripheral blood and bone marrow were collected in syringes with the anticoagulant edetate (Ethical Committee of Medical University of Lublin, Sarstedt, Germany).
Isolation of cells
Peripheral blood mononuclear cells and bone marrow mononuclear cells were separated by Biocoll (AG Biochrom, Germany) density gradient centrifugation. After washing with phosphate-buffered saline, the number and viability of cells were assessed with trypan blue staining. Viability below 95 % was a disqualifying criterion for further study.
Cell cultures
Isolated cells at a concentration of 2 × 10 6 /ml were resuspended in a liquid culture medium consisting of RPMI 1640 with L-glutamine, penicillin, streptomycin, and 10 % fetal calf serum. This culture medium was supplemented with 10 μM danazol, 1 μg/ml fludarabine, 1. 4 μg/ml cladribine, 20 μM bendamustine, or a mixture of danazol and one of these drugs. We selected a danazol concentration of 10 μM based on preliminary experiments in CLL performed by Tung et al. [19] . To obtain stock solutions, danazol was dissolved in ethanol. We selected the concentrations of other drugs based on the literature and our preliminary experiments in CLL cultures, in which certain concentrations caused a significant induction in apoptosis with spontaneous apoptosis that did not exceed 50 % of the total cell culture. All of the reagents were obtained from Sigma-Aldrich Chemie GmbH (Germany). The cells were cultured at 37°C in a 5 % CO 2 atmosphere. Cells were exposed to the drugs for 0 and 24 h in culture, and cells that were treated for 24 h were assessed for the frequency of apoptosis and cytotoxicity. Cell samples that were incubated in the absence of any drug and in the presence of a drug solvent for periods of time that were equivalent to the drug-treated cells were considered negative controls. After the required period of incubation, the cells were then subjected to the procedures described below.
Measurement of apoptosis by detection of active caspase-3 expression
Cells that had been treated in culture with drugs were initially incubated for 15 min with anti-CD19 PE-Cy7 and anti-CD5 APC-conjugated monoclonal antibodies (mAbs) (Pharmingen, USA) at room temperature. Subsequently, the cells were subjected to fixation and permeabilization procedures using the BD Cytofix/Cytoperm kit (BD Biosciences, USA) according to the manufacturer's instructions. The cells were then incubated with FITC-conjugated anti-active caspase-3 mAb (Pharmingen, USA). Cells that were incubated with Z-VAD-FMK were treated as a negative control.
Acquisition and analysis of the data were carried out by flow cytometry method using the eight-color flow cytometer FACSCanto II with FACSDiva Software (Becton Dickinson, USA). At least 10,000 cells of each collected sample were analyzed and populations of leukemic cells (CD5+/CD19+) were separated. Further experiments were carried out within this population. Apoptosis was evaluated by assessment of the percentage of cells expressing active caspase-3. The assay of non-leukemic cells was performed in the CD19+/CD5− population, which represents normal B lymphocytes.
Measurement of cytotoxicity using forward light scatter and side light scatter analysis
The danazol-treated cells that were gated according to CD19 and CD5 expression (see the previous section) were also analyzed by flow cytometer by forward light scatter (FSC) and side light scatter (SSC) parameters. Changes in light scattering properties of cells occur during apoptosis. Late apoptotic/ secondary necrotic cells are characterized by markedly diminished scatter parameters [20, 21] . At least 10,000 cells of each sample were collected, and the populations of the leukemic cells CD5+/CD19+ and non-leukemic B cells CD19+/CD5− were analyzed using FSC and SSC parameters.
The experiments with caspase inhibitor Z-VAD-FMK were done to assess non-specific binding of anti-active caspase 3 mAb as negative control (mentioned above) and whether cytotoxic activity of danazol is blocked by caspase inhibitors. Z-VAD-FMK was added to peripheral blood and bone marrow cell cultures with danazol, and then, cytotoxic effect was analyzed by measuring FSC and SSC.
Assessment of active caspase-8, active caspase-9, BCL-2, BAX, and BCL-XL protein expression in leukemic cells Peripheral blood and bone marrow cells that had been treated in culture with danazol were incubated for 15 min with anti-CD19, PE-Cy7, and anti-CD5 APC-conjugated mAbs (see previous section). The cells were then subjected to fixation and permeabilization procedures using the BD Cytofix/ Cytoperm kit (BD Biosciences) according to the manufacturer's instructions. The cells were then incubated with PEconjugated anti-intracellular BAX mAb, PE-conjugated antiintracellular BCL-2 mAb, PE-conjugated anti-intracellular BCL-XL (Santa Cruz Biotechnology, USA), or an isotypematched negative control (DAKO, Denmark) in the dark at room temperature for 15 min.
We used an Abcam kit (USA) to assess expression of active caspase-8 and active caspase-9. The cells indicated for CD19 and CD5 expression (see above) were incubated with FITC-IETD-FMK and FITC-LEHD-FMK, respectively, according to the manufacturer's instructions. Cells that were incubated with Z-VAD-FMK were treated as a negative control.
Acquisition and analysis of the data were carried out by flow cytometry within the population of leukemic cells (CD5+/CD19+). The percentage of cells expressing active caspase-8 and active caspase-9 and mean fluorescence intensity of BCL-XL, BCL-2, and BAX were analyzed. The ratio of BCL-2/BAX mean fluorescence intensity was calculated.
Calculation of the cooperative index
To assess the type of interaction between danazol and fludarabine, cladribine, or bendamustine, the cooperative index (CI), which is a parameter based on the Chou-Talalay method, was estimated [22] . The following formula was used: CI = sum of specific apoptosis induced by treatment with a single drug/specific apoptosis defined with combined agents.
The percentage of specific apoptosis was determined using the following formula: specific apoptosis = (drug − induced apoptosis − spontaneous apoptosis)/(100 − spontaneous apoptosis) × 100 % The results were characterized as synergic, addictive, and infra-additive, when CI < 1, CI = 1, and CI > 1, respectively.
Analysis of ZAP-70 and CD38 expression
A total of approximately 1 × 10 6 peripheral blood cells were stained with the mAbs CD19 PE-Cy7, CD5 APC (Pharmingen, USA) or CD3 PE (BD Pharmingen). Following membrane staining, the cells were fixed by 1 % paraformaldehyde solution in phosphate-buffered saline for 15 min at room temperature and permeabilized with 70 % ethanol for 1 h at −20°C. After washing, anti-ZAP-70 antibody (Biomol Research Laboratories, USA) that was labeled by the ZenonTM Alexa Fluor® 488 Mouse IgG2a Labeling Kit (Molecular Probes, USA) was added to the sample tubes. The samples were incubated for 30 min, washed, and examined by flow cytometry method. Patients were considered positive for ZAP-70 when its expression was detected in ≥20 % of leukemic cells. To assess CD38 expression, peripheral blood mononuclear cells were stained with anti-CD38 FITC (BD Pharmingen), anti-CD19 PE, anti-CD5 CyChrome mAbs, or IgG1 isotypic control for 20 min in darkness, and they were analyzed with flow cytometry method. Patients were considered CD38 positive when expression was found in at least 20 % of CLL cells.
Fluorescence in situ hybridization
Fluorescence in situ hybridization was used to determine leukemic cells with cytogenetic abnormalities that are relevant markers of prognosis of CLL. This procedure was performed according to the manufacturer's instructions. The locusspecific probes 17p13.1 (LSI TP53), 11q22.3 (LSI ATM), 13q14.3 (D13S319), 13q34, and the chromosome 12 centromere (Abott Diagnostics, USA) were used. Probes were denatured at 73°C for 5 min and then applied to the designated areas of the slides. Following an overnight hybridization at 37°C, the slides were washed and air-dried in the dark. The slides were then stained with DAPI and stored at −20°C in the dark. The samples were analyzed using a BX51 fluorescence microscope (Olympus, USA), and images were captured with the CytoVision image analysis system. At least 200 nuclei were assessed for each probe, and the cutoff value for each probe was 20 %.
Statistical analysis
Statistical analysis was performed using STATISTICA 8.0 software for Windows. All results are shown as mean values with standard deviation or median. The Mann-Whitney U test was used to evaluate the differences between subgroups of patients. A value of p < 0.05 was considered to be statistically significant.
Results
Danazol induces apoptosis and cytotoxicity of leukemic cells in cell cultures in a tumor-specific manner
Clinical data from the 23 analyzed patients are shown in Table 1 . Figure 1a shows the pro-apoptotic effect of danazol on CLL cells derived from the peripheral blood and bone marrow treated in in vitro environment. Active caspase-3 expression in cultures with danazol was significantly higher in 24-h cultures compared with that in cultures without danazol (control). This increased frequency of danazol-induced apoptosis was observed in peripheral blood and in bone marrow cultures. Figure 1b shows a cytotoxic effect of danazol on leukemic cells in the peripheral blood and bone marrow that was assessed by distinguishing the population of cells with diminished FSC and SSC parameters. The percentage of necrotic cells was significantly higher after 24 h of incubation in danazol-induced cultures compared with control cultures in peripheral blood and bone marrow samples. These results suggest that danazol is an inductor of apoptosis and cytotoxicity in leukemic cells. The experiments with caspase inhibitor Z-VAD-FMK performed in peripheral blood and bone marrow samples showed that percentage of necrotic cells was significantly lower in 24-h cultures with danazol and caspase inhibitor in comparison to the cultures without inhibitor (p < 0.001). Thus, it can be concluded that the cytotoxic effect of danazol is caused by caspasedependent apoptosis. There was a significant correlation between the rate of apoptosis and the rate of cytotoxicity. Therefore, in further analysis, we only presented the rate of apoptosis for clarification.
To determine the effects of danazol on normal B cells, we assessed the percentage of apoptotic and necrotic cells within a population of CD19+/CD5− cells derived from CLL patients. Analysis was performed in 17 out of 23 patients' peripheral blood samples and in all patients' bone marrow samples where the percentage of normal B cells was higher than 1 % (Fig. 1c, d ). There was no significant apoptotic and cytotoxic effects in this group of cells. A significantly lower percentage of apoptotic and necrotic cells was observed in the population of non-leukemic cells than in the population of leukemic cells in peripheral blood and bone marrow samples.
Danazol affects the expression of apoptosis-regulating proteins in leukemic cells
We found statistically significant differences in some apoptosis-regulating proteins between danazol-induced cultures and control cultures. There was a significant decrease in the BCL-2/BAX ratio in CLL cells after 24 h of cell culture with danazol compared with that at 0 and 24 h of control culture. Intracellular expression of BCL-XL protein was also significantly lower in danazol cultures after 24 h of incubation than in control 0-and 24-h cultures. The results are presented in Table 2 . These results support the pro-apoptotic effect of danazol on leukemic cells.
Danazol induces the caspase-8 and caspase-9 apoptotic cascade in leukemic cells
To determine which apoptotic cascade is activated by danazol, we assessed expression of the main caspases that are involved in mitochondrial and receptor-mediated apoptosis (i.e., active caspase-9 and active caspase-8, respectively). We observed a significant increase in percentage of CLL cells with active Table 2 ). This finding suggests that danazol is able to induce both the mitochondrial and receptor pathways of apoptosis.
Danazol and fludarabine have an additive effect on apoptosis of leukemic cells
To assess the rate of apoptosis induced by danazol in combination with fludarabine, we measured the expression of active caspase-3 in a population of CD19+/CD5+ cells derived from peripheral blood in cultures with danazol and fludarabine. Figure 2 shows the drug-induced increase in frequency of apoptotic cells above the level of spontaneous apoptosis seen in the 24-h parallel control cultures without drug. As evident in Fig. 2 , the frequency of apoptosis in danazol and fludarabine-treated cultures was significantly higher than that in danazol-treated cultures and the same was true when compared with fludarabine-treated cultures. To evaluate the effect of the combined action of danazol and fludarabine, the CI for each sample was calculated. The CI for danazol and fludarabine was 1 for 13 out of 23 analyzed patients, lower than 1 for two samples, and higher than 1 for eight patients (Fig. 2b) . Because the median CI value was 1, an additive effect of these drugs in combination was presumed (Fig. 2c ).
Danazol synergizes with cladribine to induce apoptosis of leukemic cells
To evaluate the rate of apoptosis caused by danazol and cladribine, we analyzed the expression of active caspase-3 in a peripheral blood leukemic cell population in cultures with danazol and cladribine. The rate of apoptosis was significantly higher in cultures treated with both danazol and cladribine compared with danazol cultures and cladribine cultures (Fig. 3a, b) . The CI calculated for this assay was lower than 1 in most patients (15/23), with a median value of 1. These results suggested a synergic effect of the interaction (Fig. 3c) . Danazol and bendamustine have an infra-additive effect on induction of apoptosis of leukemic cells
We further evaluated the combined effects of danazol and bendamustine. We found that the frequency of apoptosis caused by danazol in combination with bendamustine was significantly higher than that observed in single drug-treated cultures (Fig. 4a, b) . However, the CI for 14 out of 23 patients was higher than 1, with a median value higher than 1. Therefore, these results suggested an infra-additive effect of these drugs in combination (Fig. 4c) .
Rate of danazol-induced apoptosis of leukemic cells is independent of prognostic factors
The results of danazol-induced apoptosis were compared between patients with standard prognostic markers and those with a worse prognosis. There were no significant differences in rate of apoptosis between these two groups in cultures with danazol or in cultures supplemented with danazol and other drugs as far as clinical stadium of the disease and ZAP-70 and CD38 expression were concerned. Interestingly, there was no difference as far as the presence of cytogenetic changes was concerned, either. The rate of apoptosis induced by danazol was comparable in the group of patients with del17p13.1 or del11q22.3 and in the group with 13q14.3 deletion or trisomy 12 (Fig. 5) . These findings suggest that the pro-apoptotic effect of danazol is independent of prognostic factors in CLL patients and this drug may sensitize high-risk patients.
Discussion
Despite major progress in the treatment of CLL in recent years, this disease is still incurable. A lot of research has focused on searching for the optimal therapeutic regimens to achieve therapeutic goals in CLL, which in most patients are to acquire complete remission and long overall survival. The best results in this field are currently achieved with chemotherapy based on the purine nucleoside analogs in combination with alkylating agents and monoclonal antibodies. The use of such a regimen is still the gold standard for first-line treatment of fit patients with CLL, despite new forms of targeted treatment, such as oral tyrosine kinase inhibitors and BCL-2 protein antagonists. However, such therapy is limited in elderly patients with a poor performance status or severe comorbidities. Moreover, in some patients with limited disease, starting cytostatic treatment is not necessary until disease progression [23, 24] . Therefore, it is of importance to investigate new, more effective and less toxic drugs for CLL patients, which could be used just to control disease when there is no need to start chemotherapy or to reduce doses of chemotherapeutic agents if treatment should be started. Our study aimed to assess whether danazol could play such a role. Danazol has successfully been used in some hematological diseases such as immune thrombocytopenic purpura and autoimmune hemolytic anemia [10] [11] [12] [13] [14] [15] . There are also reports in the form of individual clinical cases indicating that danazol may be a safe and effective alternative for the treatment of advanced myeloproliferative neoplasms, such as myelofibrosis [16, 17] . The use of danazol in therapy of myelodysplastic syndromes is also a possibility [18] . However, the role and the mechanism of action of danazol in these cases are unclear.
Danazol-induced apoptosis of CLL cells was first described by Tung et al. [19] . The authors studied patients receiving danazol in combination with glucocorticoids and showed a significant decrease in the leukocyte count, which increased after withdrawal of this drug. Based on these observations, pre-clinical laboratory tests with CLL cells were performed, and these cells showed toxicity of danazol against CD19+/ CD5+ cells at concentrations above 3 μM, and the optimal concentration was 10 μM [19] . The mechanism of danazol activity in CLL is unknown. Tung et al. [19] proposed that a reduction in blood CD23 level by danazol observed during endometriosis treatment suggested a direct effect on activated B cells in CLL [25, 26] . Similarly, danazol can decrease production of inflammatory cytokines, such as interleukin-6 and tumor necrosis factor-alpha, which probably can restrict their ability to induce proliferation of CLL cells in vivo [10, 27] .
Based on these properties of danazol, we assessed its effects on leukemic cells derived from CLL patients. Consistently with the observations of Tung et al. [19] , we showed that danazol-induced caspase-dependent apoptosis and cytotoxicity of CLL cells in the peripheral blood and bone marrow. Danazol-induced apoptosis appears to involve both mitochondrial and membrane cascades because of similar levels of active caspase-9 and active caspase-8 expressions detected in leukemic cells. This process, mainly in part connected with the mitochondrial cascade, involved apoptosis-regulating proteins, including BCL-2, BAX, and BCL-XL. We observed a decrease in the BCL-2/BAX ratio and BCL-XL expression in leukemic cells treated by danazol. To the best of our knowledge, this is the first report of such a mechanism of danazol action in CLL cells. However, literature data regarding diseases other than CLL show a similar mechanism of action of danazol. Tanaka et al. [28] showed that danazol enhanced Fasmediated apoptosis in human endometrial epithelial cells, indicating involvement of a receptor cascade. However, another study reported that expression of BCL-2 was decreased in adenomyotic endometrium treated with danazol, which indicated activation of a mitochondrial cascade [29] . Additionally, our study indicated that danazol-induced cytotoxicity against leukemic cells occurs in a tumor-specific manner without affecting normal B cells. Such a specific effect may be due to the different features of leukemic and normal cells, such as antiapoptotic protein expression (BCL-2 family) and membrane receptor expression (e.g., FAS TRAIL), which are changed in leukemic lymphocytes [30] . Our study is the first to analyze the combined effect of danazol and purine analogs or bendamustine on the rate of apoptosis of CLL cells. Danazol showed a synergic effect with cladribine, an additive effect with fludarabine, and an infra-additive effect with bendamustine. Purine nucleotide analogs and bendamustine are treatment options used in CLL patients and higher remission rates can be obtained when they are used. However, some patients are refractory to these drugs. Other problems of these drugs are associated with their toxicity. Immunosuppression with a decrease in the CD4+/CD8+ ratio can occur, which leads to development of opportunistic infections, myelosuppression, and gastrointestinal toxicities, including nausea, vomiting, and hepatic lesions [31] [32] [33] . Therefore, a reduction in cytostatic toxicity achieved with a lower dose may be important. Because of the combined effects of danazol with fludarabine and cladribine, lower purine analog doses in combination with danazol are possible.
Because of the heterogeneous clinical course of CLL, prognostic factors of this disease have been defined to predict clinical outcome. They include classic prognostic factors, such as the stage of disease, and new biological factors, such as the gene mutation status of the variable part of immunoglobulin heavy chain protein expression of ZAP-70 and CD38 antigen, and cytogenetic abnormalities [34] [35] [36] . In this study, we investigated whether the rate of apoptosis caused by danazol is different in patients with a low-risk and high-risk prognosis. We found that the level of apoptosis was independent of some prognostic factors, including the clinical stage according to Rai and ZAP-70 and CD38 expression. Interestingly, it was also independent of the presence of cytogenetic changes in leukemic cells. Therefore, the use of danazol may be equally effective in both groups of patients with a worse and better prognosis and danazol can sensitize high-risk patients. These findings are similar to those presented by Tung et al. [19] , showing efficacy of danazol in patients with unfavorable cytogenetic abnormalities.
Conclusions
In summary, our results indicate that danazol induces apoptosis and cytotoxicity of CLL cells as a single agent and in combination with purine analogs. The mechanisms of action of danazol appear to be complex and remain to be precisely established. However, the induction of apoptosis involving both mitochondrial and receptor cascades appears to be most probable. Moreover, danazol's action is independent of the presence of poor prognostic factors. Therefore, danazol could be considered as a therapeutic agent for CLL patients.
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